ABSTRACT: The susceptibility of shellfish to raphidophyte toxicity is not well resolved. This study examined the sublethal cellular responses of eastern oysters Crassostrea virginica exposed to 2 raphidophyte blooms (Chattonella subsalsa or Fibrocapsa japonica). Also, based on the hypothesis that raphidophyte toxicity is related to brevetoxin production, we determined the cellular responses of oysters to purified brevetoxin (PbTx-3) exposure in a separate experiment. We evaluated 3 cellular biomarkers, constituting both cellular damage and detoxification responses: lysosomal destabilization, lipid peroxidation and glutathione concentration. Exposing oysters to water collected from both blooms significantly increased lysosomal destabilization rates in oyster digestive gland when compared to controls, as did exposure to 1 and 10 nM PbTx-3. Glutathione and lipid peroxidation levels were not significantly affected in any treatment. The physiological stress response (i.e. increased lysosomal destabilization rates) in oysters exposed to brevetoxin, C. subsalsa bloom water, or F. japonica bloom water is consistent with that found in oysters exposed to Heterosigma akashiwo (Raphidophyceae) blooms and cultures. The results indicate that oysters are susceptible to raphidophyte and brevetoxin toxicity, and are not solely a vector for neurotoxic shellfish poisoning. The common physiological response to raphidophyte and brevetoxin exposure is consistent with the hypothesized production of brevetoxin by this group, but alternatively may reflect a more general stress response in oysters. 
INTRODUCTION
Raphidophytes are widely recognized as ichthyotoxic marine algae, and 6 species have been associated with finfish kills around the world. Chattonella antiqua/marina (H. A. Bowers unpubl. data), C. subsalsa, C. verruculosa, C. cf. verruculosa, Fibrocapsa japonica and Heterosigma akashiwo have been linked to mortalities of cultured and wild fishes in at least 12 countries (Landsberg 2002) . The association of C. subsalsa, C. cf. verruculosa, F. japonica, and H. akashiwo with fish mortalities has recently been documented in several South Carolina brackish, stormwater-detention ponds and during a massive H. akashiwo bloom in Bulls Bay South Carolina , Keppler et al. 2005 ).
The mechanism(s) of toxicity by this group are not fully agreed upon (Landsberg 2002) . One proposed mechanism, the production of brevetoxin or brevetoxin-like compounds, has been demonstrated with laboratory cultures of Chattonella antiqua, Chattonella marina, Fibrocapsa japonica, and Heterosigma akashiwo (Ahmed et al. 1995 , Khan et al. 1996a ,b, 1997 . Furthermore, Bourdelais et al. (2002) ). Using the enzyme-linked immunosorbent assay (ELISA) described by Bourdelais et al. (2002) , C. R. Tomas & J. Naar (unpubl. data) measured brevetoxin or brevetoxin-like substances in water containing blooms of C. subsalsa, C. cf. verruculosa, F. japonica, and H. akashiwo collected from South Carolina brackish, stormwater-detention ponds (Lewitus & Holland 2003, A. J. Lewitus & A. F. Holland unpubl. data) .
Brevetoxins are lipid-soluble polyether molecules that are readily accumulated and metabolized by bivalves (Baden 1989 , Plakas et al. 2002 . Because brevetoxins are responsible for neurotoxic shellfish poisoning (NSP) in humans, most research efforts have focused on the potential lethal effects on mammals, but little information is available on the sublethal cellular effects of brevetoxin exposure on the shellfish vectors of NSP. In Landsberg's (2002) compilation of the sublethal or chronic lethal effects of Karenia brevis on molluscs (their Table 9 ), only 2 studies were cited: Summerson & Peterson (1990) for recruitment failure in Argopecten irradians (bay scallop), and Roberts et al. (1979) for loss of muscle control in Fasciolaria lilium hunteria (banded tulip), Melongena corona (crown conch) and Oliva sayana (lettered olive). In the latter study, exposure to K. brevis had no observable effect on Crassostrea virginica (eastern oyster).
In contrast to the cumulative evidence for pronounced ecological and economic impacts of raphidophyte blooms on finfish populations, their impacts on shellfish are likely to be sublethal and therefore less obvious and more difficult to detect and document. Keppler et al. (2005) used cellular biomarkers to assess the sublethal effects of Heterosigma akashiwo blooms and cultures on eastern oysters Crassostrea virginica. Exposure to the raphidophyte led to increased levels of lysosomal destabilization, a response indicative of cellular damage. In one experiment, lysosomal destabilization levels in oysters continued to increase after a 7 d depuration period that followed 4 d of exposure to H. akashiwo cultures. One implication was that shortterm exposure to H. akashiwo toxin may lead to a longer-term effect on hepatopancreatic function. This evidence for sublethal and possibly chronic responses of oysters to H. akashiwo underlines the importance of determining the mechanism of toxicity.
Sublethal effects of toxin exposure in oysters can be detected through the use of cellular biomarkers. The biomarkers evaluated in this study represent both cellular damage responses (lysosomal destabilization, lipid peroxidation) and a detoxification response (glutathione concentration). Lysosomes, typically involved in cellular defense, tissue repair and nutrition, can be adversely affected by exposure to a variety of stressors, including metals and polycyclic aromatic hydrocarbons (PAHs). Lysosomal membranes can be damaged (e.g. destabilized) such that the contents (characterized by low pH and various digestive enzymes) leak into the cytoplasm of the cell, which ultimately causes cell death (Regoli 1992 , Lowe 1996 . Lipid peroxidation occurs when free radicals react with the polyunsaturated lipids in cells and cell membranes, and is a source of cytotoxic products that may damage DNA and enzymes (Kehrer 1993) . Increased lipid peroxidation has been demonstrated in response to metal and PAH exposures in a variety of organisms (Wofford & Thomas 1988 , Ringwood et al. 1998a . Glutathione (GSH) is an important overall modulator of cellular homeostasis, and serves numerous essential functions including detoxification of metals and oxy radicals (Meister & Anderson 1983) . There is evidence that GSH depletion is associated with exacerbation of adverse effects in marine bivalves as well as humans (Viarengo et al. 1990 , Conners & Ringwood 2000 . Using these biomarkers, the overall purpose of this study was to determine the sublethal cellular effects of purified brevetoxin and raphidophyte bloom (Chattonella subsalsa, Fibrocapsa japonica) exposure on oysters.
MATERIALS AND METHODS
Bloom water. Bloom material was collected from surface waters of 2 brackish stormwater-detention ponds on Kiawah Island, South Carolina, on 8 June 2004 (K75 Pond, Chattonella subsalsa bloom, 30ºC, salinity 17.7, pH 8.85) and 11 August 2004 (K2 Pond, Fibrocapsa japonica bloom, 28.8ºC, salinity 28.4, pH 8.78). C. subsalsa abundance was estimated at 4.5 × 10 3 cell ml -1 , and F. japonica abundance at 4.1 × 10 4 cell ml -1 (Table 1 ). The abundance of each species was approximately 5 to 6 times higher than the next most abundant species. Bloom water was stored in the laboratory in buckets at room temperature (24ºC) under overhead fluorescent lights. Oyster collection. Oysters (4.9 ± 1.0 cm) were collected from control sites in Clark Sound and Folly Beach, South Carolina, areas that have been shown to be unpolluted by metals or PAHs, based on extensive sediment contaminant analysis (Hyland et al. 1998 , Sanger et al. 1999a . Oysters were transported to the laboratory and held overnight in control site water. On the day of the exposure, the oysters were scrubbed clean and randomly placed in the treatments. An initial subset of oysters was dissected at the beginning of both the bloom-water exposure and the brevetoxin exposure periods to determine the cellular biomarker levels at Day zero.
Bloom-water exposure. Oysters were randomly placed into 3.5 l control seawater (salinity adjusted to 25) and bloom-water treatments. Each treatment consisted of 3 replicates, with 6 oysters in each replicate. The water was renewed in all the containers after 48 h, when 50% of the water was poured off and replaced with fresh filtered seawater (control treatments) or bloom water. At the end of the 96 h exposure, oyster digestive gland tissue was dissected out for immediate lysosomal destabilization analysis, and the remaining tissue was frozen at -80 o C for later analysis (digestive gland tissue for glutathione concentration and gill tissue for lipid peroxidation levels). To control against starvation stress responses, Isochrysis galbana (a nontoxic feeder algae cultured in the laboratory) was diluted to match the raphidophyte bloom abundances of each exposure (Table 1 ) and added to the control treatments. The decrease in abundance of Chattonella subsalsa (from 4.5 × 10 3 to 0 cells ml -1
) and Fibrocapsa japonica (from 4.1 × 10 4 to 1.5 × 10 3 cells ml -1 ) over the first 48 h exposure suggested that the raphidophytes were ingested by the oysters.
Brevetoxin exposure. Oysters were randomly placed in 3.5 l control seawater (salinity adjusted to 25, with 0.02% acetone added to match the brevetoxin carrier solvent) and purified brevetoxin treatments. Each treatment consisted of 2 replicates, with 5 oysters in each replicate. The brevetoxin (PbTx-3; Calbiochem) concentration for an initial experiment was 0.1 nM, and a second experiment was performed with PbTx-3 concentrations of 1.0 and 10 nM. The PbTx-3 form of brevetoxin was used for these experiments because it has been shown to be produced by Chattonella cf. verruculosa, (Bourdelais et al. 2002) , and is suspected to be produced by Fibrocapsa japonica (Khan et al. 1996b ). The water was renewed in all the containers every 24 h, when 50% of the water was poured off and replaced with fresh filtered seawater and brevetoxin. At the end of the 72 h exposure, the oysters digestive gland tissue was dissected out immediate lysosomal destabilization analysis, and the remaining digestive gland tissue was frozen at -80°C for lipid peroxidation and glutathione concentration analysis. Isochrysis galbana was added to all replicates daily. Both the bloom-water exposures and brevetoxin exposures were carried out at room temperature (approximately 24°C).
Oyster biomarker assays. The lysosomal destabilization assay was conducted following the methods described in Ringwood et al. (1998b) . Briefly, digestive gland tissue was homogenized, incubated on a shaker in calcium/magnesium-free saline (CMFS), disaggregated with trypsin, filtered (23 µm mesh) and centrifuged. The pellet was washed twice and resuspended in CMFS. This suspension was mixed 1:1 with a neutral red solution (NR) and incubated in a humidified chamber at room temperature for 1 h. Digestive gland cells containing lysosomes were examined under a light microscope to evaluate NR retention. A minimum of 50 cells were scored as either stable (NR retention in the lysosomes) or destabilized (NR leaking into the cytoplasm), and the data were expressed as the percentage of cells with destabilized lysosomes per oyster.
The thiobarbituric acid-malondialdehyde (TBA) test was used to measure lipid peroxidation in oyster gill tissue (Gutteridge & Halliwell 1990) . Malondialdehyde (MDA) is a cellular byproduct commonly used to quantify lipid peroxidation. Gill tissues were homogenized in potassium phosphate buffer and centrifuged. A subsample of the supernatant was mixed with trichloroacetic acid containing TBA and butylated hydroxytoluene, heated for 15 min and centrifuged to remove the precipitate. The resulting MDA was detected at 532 nm, and quantified using a standard curve.
Glutathione concentrations of individual oysters were determined using the enzymatic recycling assay (Anderson 1985 , Ringwood et al. 1999 , an assay that determines the rate of 5-thio-nitobenzoic acid (TNB) formation. Digestive gland tissues were homogenized in 10 volumes of 5% sulfosalicyclic acid and centrifuged. The supernatant was mixed 1:1 with reduced β-nicotinamide adenine di-nucleotide phosphate buffer Table 1 . Dominant phytoplankton taxa from Kiawah Island bloom samples used in this study containing 5, 5'-dithiobis (2-nitrobenzoic acid). Glutathione reductase was added, and the rate of TNB formation was monitored at 405 nm over a 90 s interval. Glutathione concentrations were calculated from a standard curve. The data were analyzed using Sigma Stat. Differences between treatments were examined using analysis of variance, with the Student-Newman-Keuls method used for multiple comparisons. To avoid statistical pseudoreplication, the mean measured value of the oysters within each replicate was treated as 1 sample value (therefore, n = 3 in the bloom-water exposures, and n = 2 in the brevetoxin exposures).
RESULTS AND DISCUSSION

Bloom-water exposures
Exposure to Chattonella subsalsa or Fibrocapsa japonica bloom water caused a significant increase in lysosomal destabilization over a 96 h incubation that did not occur in control oysters (Figs. 1A & 2A) . Lysosomal destabilization rates in C. subsalsa bloom exposed oysters after 96 h were significantly higher than the Day zero oyster groups and the control oysters after 96 h (F = 7.01, p = 0.009, df = 2). Lysosomal destabilization rates also were significantly higher in F. japonica bloom exposed oysters than the day zero oysters and the incubated control oysters (F = 22.88, p < 0.001, df = 2). Neither lipid peroxidation levels (Figs. 1B & 2B) nor glutathione levels (Figs. 1C & 2C) were significantly affected by the short-term exposure to bloom water.
Brevetoxin exposures
Lysosomal destabilization significantly increased in oysters exposed for 72 h to 1 and 10 nM PbTx-3 (F = 10.32, p < 0.001, df = 4) compared to the Day zero and control oysters (Fig. 3A) . Neither lipid peroxidation levels (Fig. 3B ) nor glutathione concentrations (Fig. 3C) were significantly affected by the short-term exposure to PbTx-3. Oyster-tissue glutathione samples were processed for the 0.1 nM brevetoxin exposure; however, the data are not presented in Fig. 3C because the standard values were well below our QA/QC (quality assurance/quality control) limit for the glutathione assay. Acetone, the carrier solvent included in the control treatments, did not have an effect on any of the oyster biomarker responses, as evidenced by the similar measurements between the Day zero and control oysters.
Lysosomal destabilization was previously demonstrated to be a sensitive biomarker of physiological stress in Crassostrea virginica (Ringwood et al. 1999) . In the present study, short-term exposure to water samples collected during raphidophyte-dominated blooms and exposure to low concentrations of brevetoxin caused a significant increase in lysosomal destabilization. The levels measured in the brevetoxinexposed oysters (> 38% lysosomal destabilization) have been associated with significant impairment in digestive gland tissues (Ringwood et al. 2002) . Moreover, recent studies have shown that parental rates of lysosomal destabilization > 35% are associated with the production of gametes with significantly reduced viability and poor rates of embryonic development (Ringwood et al. 2004) . To date, increases in lysosomal destabilization to levels > 35% have been shown in oysters exposed to blooms of the raphidophytes Chattonella subsalsa and Fibrocapsa japonica (this study), and 2 blooms and a culture of Heterosigma akashiwo (Keppler et al. 2005) . The similarity in the lysosomal destabilization response of oysters exposed to raphidophytes and brevetoxin is consistent with the hypothesis that one of the mechanisms of raphidophyte toxicity is brevetoxin production, as concluded previously for Chattonella spp. (Khan et al. 1996a , Bourdelais et al. 2002 , Fibrocapsa japonica (Khan et al. 1996b) , and Heterosigma akashiwo (Black et al. 1991 , Khan et al. 1997 . Clearly, however, the similarity in raphidophyte-and brevetoxin-induced stress responses may be coincidental. Increased lysosomal destabilization in oysters can occur from metal (e.g. copper) or PAH exposure (Lowe et al. 1995 , Ringwood et al. 1998b , and demonstrated the same stress response in oysters exposed to a bloom of Kryptoperidinium foliaceum (Dinophyceae). Therefore, lysosomal destabilization is a sensitive physiological indicator of several types of stressors, although these do not include such natural stressors as salinity (Ringwood et al. 1998b) .
Lysosomal destabilization increased in a concentration-dependent manner in response to PbTx-3 exposure, with concentrations as low as 1.0 nM causing a significant response. In comparison, Landsberg (2002) indicated an LC 50 (lethal concentration) of 10 to 37 nM for Type 1 brevetoxins (includes PbTx-3) based on 24 h mosquitofish Gambusia affinis assays (citing the work of Baden 1989 , Baden et al. 1989 . The 2 remaining oyster biomarkers, lipid peroxidation levels and glutathione concentrations, were unaffected by purified brevetoxin exposure and were well within the normal range for oysters collected from unpolluted control sites (A. H. Ringwood unpubl. data) . In general, brevetoxin does not cause specific cell-membrane damage; it typically causes a change in cell-membrane polarization or an alteration in the sodium channel activity (Baden 1989) . Therefore lipid peroxidation would not be expected to be increased in these short-term exposures. The detoxification response, glutathione concentration, may not have been affected for a number of reasons. Glutathione may not interact with a molecule as large as brevetoxin, or perhaps the experimental duration was not sufficient to elicit a response. Further studies, including longer-term exposures, are needed to answer these questions. Although shellfish accumulation of brevetoxin is a well documented cause of neurotoxic shellfish poisoning (NSP) in humans, information is lacking on the toxic effects of brevetoxin on contaminated bivalves. In fact, in a literature review on harmful algal bloom effects on aquatic organisms, Landsberg (2002) cited only 4 cases of sublethal effects of Karenia brevis on molluscs. The present findings stress that research attention be directed not only to the role of shellfish as vectors of brevetoxin poisoning, but to the sublethal toxic effects of brevetoxin on shellfish populations.
In addition, our demonstrations of Chattonella subsalsa and Fibrocapsa japonica bloom effects on oyster lysosomal destabilization extend findings of similar stress responses following Heterosigma akashiwo and Kryptoperidinium foliaceum bloom exposure , Keppler et al. 2005 ). These species commonly form blooms in South Carolina waters where oyster and other shellfish exposure is pervasive. For example, the most common harmful algal species in South Carolina tidal creeks is K. foliaceum, which has formed blooms from northern to southern reaches of the South Carolina coast (Lewitus & Holland 2003) . From 2001 to 2004, raphidophytes were found in ~50% of the > 1000 South Carolina brackish detention-pond samples collected, and often blooms found in the ponds were associated with similar abundances in the adjacent tidal creeks exchanging water with the ponds (Lewitus et al. 2004) . Research is needed into the physiological condition of shellfish potentially experiencing chronic stress from repetitive exposure to harmful algal blooms.
